The opportunistic pathogen Pseudomonas aeruginosa produces two major cell surface lipopolysaccharides, characterized by distinct O antigens, called common polysaccharide antigen (CPA) and O-specific antigen (OSA). CPA contains a polymer of Drhamnose (D-Rha) in ␣1-2 and ␣1-3 linkages. Three putative glycosyltransferase genes, wbpX, wbpY, and wbpZ, are part of the CPA biosynthesis cluster. To characterize the enzymatic function of the wbpZ gene product, we chemically synthesized the donor substrate GDP-D-Rha and enzymatically synthesized GDP-D-[ 3 H]Rha. Using nuclear magnetic resonance (NMR) spectroscopy, we showed that WbpZ transferred one D-Rha residue from GDP-D-Rha in ␣1-3 linkage to both GlcNAc-and GalNAcdiphosphate-lipid acceptor substrates. WbpZ is also capable of transferring D-mannose (D-Man) to these acceptors. Therefore, WbpZ has a relaxed specificity with respect to both acceptor and donor substrates. The diphosphate group of the acceptor, however, is required for activity. WbpZ does not require divalent metal ion for activity and exhibits an unusually high pH optimum of 9. WbpZ from PAO1 is therefore a GDP-D-Rha:GlcNAc/GalNAc-diphosphate-lipid ␣1,3-D-rhamnosyltransferase that has significant activity of GDP-D-Man:GlcNAc/GalNAc-diphosphate-lipid ␣1,3-D-mannosyltransferase. We used site-directed mutagenesis to replace the Asp residues of the two DXD motifs with Ala. Neither of the mutant constructs of wbpZ (D172A or D254A) could be used to rescue CPA biosynthesis in the ⌬wbpZ knockout mutant in a complementation assay. This suggested that D172 and D254 are essential for WbpZ function. This work is the first detailed characterization study of a D-Rha-transferase and a critical step in the development of CPA synthesis inhibitors.
2-D-Rha␣1-3-D-Rha␣1-3] (7, 8) . D-Rha is a rare sugar in bacterial polysaccharides and is not found in human glycoconjugates. Interestingly, a different enantiomer of Rha, L-Rha, is a constituent of the LPS core oligosaccharide (2) of the same LPS and is also a component of the surfactant rhamnolipid of P. aeruginosa. Both OSA and CPA polysaccharides are presumably linked to the 3 position of L-Rha in the core oligosaccharide, and this L-Rha residue is ␣1-3 linked to glucose (9) . Thus, P. aeruginosa can synthesize oligosaccharides containing both L-Rha and D-Rha.
Genetic studies revealed that the biosynthetic locus for CPA contains contiguous 8-gene and 5-gene operons (10) . The presence of genes encoding the ABC transporter system Wzm/Wzt in the 8-gene operon led to the proposal that the biosynthetic pathway of CPA is ABC transporter dependent (11) . In the model of this pathway, glycosyltransferases (GTs) are thought to transfer sugars from nucleotide sugars in the cytoplasm utilizing the membrane-bound undecaprenol-phosphate (P-Und) acceptor intermediate. The complete CPA is synthesized in the cytoplasm by the addition of individual sugar residues. It is also possible that one of these transferases is a polymerase that polymerizes the polysaccharide chain in a processive fashion, without releasing the intermediate products. Subsequent processing may require a chain termination event, such as methylation, and the transport of the long polysaccharide chain by the ABC transporter with the transmembrane domain Wzm and the nucleotide and carbohydrate binding domain Wzt to the periplasmic space (4, 11) , where it is ligated to the outer core oligosaccharide bound to lipid A. The completed LPS is then transported to the outer membrane by the Lpt transporter complex (12) .
The enzyme that initiates CPA polysaccharide synthesis in the PAO1 strain is thought to be sugar-phosphate transferase WbpL, a homolog of WecA that transfers GlcNAc-1-phosphate or GalNAc-1-phosphate to P-Und (2, 13, 14) . The wbpL gene is present in the OSA biosynthesis gene cluster, and thus WbpL may also initiate OSA synthesis and transfer D-FucNAc-1-phosphate from UDP-D-FucNAc to P-Und. Three glycosyltransferase-encoding genes, wbpX, wbpY, and wbpZ, are localized in the 8-gene CPA biosynthesis operon. Rocchetta et al. (15) proposed that WbpZ adds a D-Rha residue to GlcNAc-PP-Und, followed by two D-Rha␣1-3 residues (to Rha) added by WbpY and then Rha␣1-2 (to Rha) by WbpX. The rmd and gmd genes in the CPA O-antigen gene cluster are involved in the synthesis of the GDP-D-Rha donor substrate (16) . The biosynthetic pathway for GDP-D-Rha involves the conversion of GDP-D-Man to GDP-6-deoxy-D-lyxo-4-hexulose by GDP-D-mannose-4,6-dehydratase (GMD). The stereospecific GDP-4-dehydro-6-deoxy-D-mannose reductase (RMD) then synthesizes GDP-D-Rha. In P. aeruginosa, the GMD enzyme also has RMD activity. The donor substrate for L-Rha-transferases, dTDP-L-Rha, is synthesized by a different pathway, from dTDP and glucose-1-phosphate (13, 17) . Our group recently reported a novel synthesis of GDP-D-Rha and its use in assays for WbpZ D-Rha-transferase activity (18) . In this paper, we report the synthesis of high yields of GDP-D-Rha as well as the enzymatic synthesis of radioactive GDP-D-Rha as donor substrates to extensively characterize WbpZ.
The three putative D-Rha-transferases WbpX, -Y, and -Z encoded by the CPA biosynthesis gene cluster in P. aeruginosa have been classified (CAZy data bank) within the very large GT4 family of retaining GTs with a predicted GT-B fold. WbpX shares 18% and WbpY shares 19% identity with WbpZ. WbpZ has four EX 7 E motifs, while WbpX has three and WbpY has two EX 7 E motifs, that appear to be conserved in ␣-Man-transferases (19, 20) . WbpZ has two centrally located DXD motifs in the amino acid sequence (21) that may potentially contain a catalytic base. WbpY has several DXD motifs, but their presence is not immediately apparent in the WbpX sequence. Other bacteria also have putative Rhatransferases; for example, WbpZ from Serratia marcescens has 38% sequence identity to WbpZ from PAO1 (determined by UniProt) (see Table S1 and Fig. S1 in the supplemental material). The highest sequence identity (53.4%) was found in WejK encoded by the Escherichia coli O99 antigen synthesis gene cluster (22) . The O99 antigen is similar to that of CPA of P. aeruginosa and has a backbone of D-Rha␣1-2-D-Rha␣␣1-3-D-Rha␣1-3 with D-Glc␣1-2 residues linked to Rha1-2 and Rha1-3. To the best of our knowledge, WejK has not been biochemically characterized, but based on the high sequence identity and similarity of the D-rhamnan structure shared by PAO1 and E. coli O99, one could speculate that WejK is an ortholog of WbpZ.
A number of putative Man-transferases in various bacteria also have significant homology to WbpZ. These include LpcC, GumH, and WejO. These transferases have one or more DXD or modified-DXD motifs, as well as one or more EX 7 E motifs. Those GT4 enzymes that have been characterized include Man-transferase PimB from Corynebacterium glutamicum with 17% identity, Mantransferase WbdA from E. coli O9 which has two GT domains and low overall sequence identity but significant homology in the Nterminal domain of the protein, as well as Man-transferases from E. coli O9a WbdB (18% identity) and WbdC from E. coli O8 (48% identity) involved in the synthesis of the Man-containing adaptor structure of Man polymers (19, 20) .
Based on the high degree of identity, the function of WbpZ was anticipated to be the first enzyme to add a D-Rha residue to the lipid carrier (2) . This would form an adaptor sugar structure upon which the CPA O-antigen repeating units are built. Based on their sequences and sizes, WbpZ, -Y, and -X are expected to have only one catalytic GT domain, being highly homologous to D-Rhatransferases and resembling Man-transferases. All three enzymes are essential, since mutants lacking the genes encoding any of the WbpZ, -Y, and -X proteins do not make the CPA polysaccharide (2, 14) .
In this work, we showed that WbpZ is the second enzyme in the repeating-unit synthesis of CPA and transferred one D-Rha residue from GDP-D-Rha to the synthetic acceptor GlcNAc␣-PO 3 -PO 3 -(CH 2 ) 11 -O-phenyl (GlcNAc-PP-PhU). WbpZ is a nonprocessive ␣1,3-D-Rha-transferase, essential for the synthesis of the CPA antigen, with a relaxed acceptor and donor specificity. By mutational analysis we showed that three acidic amino acids of WbpZ are important for the activity and that two of these are essential for the synthesis of O antigen in PAO1. WbpZ therefore catalyzes a critical step in CPA synthesis and can be blocked by small-molecule inhibitors that could be developed into new antibacterial drugs.
MATERIALS AND METHODS

Materials.
Materials were purchased from Sigma-Aldrich, unless otherwise stated. D-Rhamnose was purchased from Carbosynth (Compton, United Kingdom). GDP-[
3 H]Man and other radioactive nucleotide sugars were from American Radiolabeled Chemicals. GlcNAc and GalNAc derivatives were synthesized as reported earlier (23) (24) (25) . Anthracenyl derivatives (24) and potential inhibitors were synthesized as described pre-viously (25) (26) (27) . Glycopeptides were kindly donated by Hans Paulsen, University of Hamburg, Germany. The synthesis of benzyl␣-D-rhamnopyranoside (compound 1) (D-Rha␣-Bn) is described in detail in the supplemental material (28) . GDP-D-Rha was synthesized as described previously (18) by a reaction in aqueous solution. To increase the yield of GDP-D-Rha, GMP-morpholidate and D-Rha-1-phosphate were coupled. Full details of the intermediate steps (29) (30) (31) . After culturing at 6 h with either 100 g/ml ampicillin (GMD) or 50 g/ml kanamycin (RMD), IPTG (isopropyl-␤-D-thiogalactopyranoside) was added to make a 1 mM solution and proteins expressed overnight at room temperature. SDS-PAGE and Western blots (14, 23) showed that the 4,6-dehydratase GMD and reductase RMD were well expressed. Isolated bacteria were sonicated in 90% phosphate-buffered saline (PBS)-10% glycerol. First, 2.8 mol GDP-[ 3 H]Man was incubated with 1 ml GMD homogenate (15 mg protein), 10 mol MnCl 2 , and 250 mol Tris-HCl (pH 7.5) in a total of 2 ml for 2 h at 37°C. This was followed by the addition of 1 ml RMD homogenate (15 mg protein) and 500 mol NADPH in a total volume of 3.25 ml. After incubation for 1 h at 37°C, 6 ml of acetonitrile was added, and mixtures were centrifuged at 8,000 ϫ g for 10 min. The supernatant was subjected to high-pressure liquid chromatography (HPLC) using an analytical amine column and 50 mM KH 2 PO 4 buffer (pH 5.2), showing a Ͼ95% conversion of GDP- Cloning and expression of wild-type and mutant WpbZ. The wbpZ gene in the pET30aϩ plasmid (pET-wbpZ) was expressed as a C-terminally His-tagged WbpZ protein in Escherichia coli BL21 as described previously (18) . Site-directed mutagenesis (SDM) was performed following the QuikChange mutagenesis protocol provided by the manufacturer (Agilent) with the primers listed in Table S2 in the supplemental material and pET-wbpZ as the template. Purification of wild-type or mutant forms of the C-terminally His-tagged WbpZ was performed using Ni 2ϩ -nitrilotriacetate (Ni-NTA) affinity chromatography, and SDS-PAGE and Western blots were carried out as described previously (23) . To test the in vivo activity of the site-directed mutants of wbpZ in P. aeruginosa, the broadhost-range vector pHERD20T (32) was used. First, primers wbpZ-F-SacI (TGCGAGCTCAATGCGGGTACTGCACTTC) and wbpZ-R-XbaI (TG CTCTAGACTTACCGAGCGGCCTTCAC) were used to amplify the wild-type wpbZ gene from PAO1, which was inserted into the SacI and XbaI sites of pHERD20T to obtain pHERD-wbpZ. pHERD-wbpZ was then used as a PCR template to obtain the SDM mutants of wbpZ carried in the pHERD20T vector using the same set of primers listed in Table S2 in the supplemental material. To examine whether these SDM mutants of wbpZ were still functional in P. aeruginosa, the obtained vectors were then transformed into a wbpZ knockout mutant of P. aeruginosa PAO1 (wbpZ:: Gm) (14) by electroporation. LPS samples from these strains were then extracted using the method of Hitchcock and Brown (33) . LPS was characterized using SDS-PAGE, silver staining, and Western immunoblotting as described by Rocchetta et al. (14) .
D-Rhamnosyltransferase assays. Nonradioactive assays were carried out for analyses of reaction products by electrospray ionization mass spectrometry (ESI-MS) using an Orbitrap Velos Pro spectrometer (Thermo Scientific). The assay mixtures for WbpZ contained, in a total volume of 40 l, 5 mM MnCl 2 , 0.1 mM Tris buffer (pH 7.5), bacterial homogenate (0.5 mg protein) 0.25 mM purified or crude synthetic GDP-D-Rha, and 0.2 mM GlcNAc␣-PO 3 -PO 3 -phenylundecyl (GlcNAc-PP-PhU) as an acceptor substrate. In some assay mixtures, 2.5 mM dithiothreitol (DTT) was present. Mixtures were incubated at 37°C for 1 h. Seven hundred microliters of H 2 O was added and the mixture applied to a C 18 Sep-Pak column, which was eluted with 4 ml H 2 O and 3 ml methanol (MeOH). Fractions eluted with MeOH were subjected to analysis by ESI-MS in the negative-ion mode. Assays using fluorescent anthracen-containing acceptor substrates were carried out similarly. The product eluted from Sep-Pak was purified by HPLC and fluorescence intensity measured at 415 nm (with an excitation wavelength at 247 nm).
Radioactive D-rhamnosyltransferase assays using GDP-[ 3 H]Rha. Standard assay mixtures contained, in a total volume of 40 l, 10 l WbpZ homogenate in 20% glycerol-80% PBS (0.5 to 1 mg protein) or purified enzyme, 0.2 mM acceptor substrate, 0.25 mM GDP-D- [ 3 H]Rha, 0.125 M Tris-HCl (pH 9), and 0.25% Triton X-100. Mixtures were incubated for 1 h at 37°C, and product was isolated using C 18 Sep-Pak or both Sep-Pak and HPLC. The amount of product was determined by scintillation counting. The kinetic parameters were determined using GraphPad Prism software.
Synthesis of large-scale WbpZ products. Large-scale WbpZ products were produced from both GalNAc-PP-PhU and GlcNAc-PP-PhU as substrates. The 500ϫ small-scale assay mixtures contained, in a total volume of 20 ml, 5 ml of WbpZ homogenate in 20% glycerol-80% PBS (500 mg protein), 2.5 mol Tris-HCl (pH 9), 4 mol acceptor substrate GalNAc-PP-PhU or GlcNAc-PP-PhU, 1 ml 5% Triton X-100, and 5 mol GDP-D-Rha. Mixtures were incubated for 1 h at 37°C, and 20 ml cold H 2 O was added. Aliquots were applied to 40 C 18 Sep-Pak columns which were washed with 4 ml H 2 O followed by 3 ml MeOH, which eluted the reaction product Rha-GalNAc/GlcNAc-PP-PhU. Fractions were concentrated by rotor evaporation, filtered, and further purified by reverse-phase HPLC, using a C 18 column and acetonitrile-H 2 O (27:73) mixtures. Product eluted at 25 min and substrate at 32 min. Fractions were dried by rotor evaporation and lyophilization. After exchange with D 2 O, NMR spectra were collected using a 600-MHz Bruker NMR spectrometer.
RESULTS
Purification of WbpZ. SDS-PAGE of the purified protein showed high expression and an enrichment of a protein band at an apparent molecular mass of 45 kDa, which corresponded to the calculated value of 43.5 kDa (see Fig. S2 in the supplemental material). Western blots probed with an anti-His tag antibody showed a single band at an apparent molecular mass of 45 kDa. Less than 20% of the enzyme was solubilized, and the purified enzyme from this cell fraction had very little activity. Subsequent assays were therefore carried out using the homogenate.
A hydrophobicity plot of the WbpZ protein shows that it is void of transmembrane domains. However, small hydrophobic sequences may help to bind lipid-like molecules. While in the presence of 2.5 mM DTT in the assay mixture, 0.125% octylglucoside had little effect, the inclusion of 0.125% NP-40 in the assay mixture stimulated the activity 2-fold. Triton X-100 in the assay mixture increased the activity maximally 2.5-fold at 0.25% (see Fig. S3 in the supplemental material) . This suggested that the detergent helped to solubilize and/or activate the enzyme.
The time course experiment showed that the Rha-transferase reaction was linear up to 1 h of incubation of the enzyme-substrate reaction mixture. Initial rates were present at up to at least 15 l enzyme homogenate (0.5 mg protein) per assay mixture. The optimal buffer pH was tested with MES (morpholineethanesulfonic acid) and Tris buffers in the assay mixture. Maximal activity was observed at the relatively high buffer pH 9 (see Fig. S4 in the supplemental material).
A series of divalent metal ions or EDTA at 5 mM was tested in the assay and compared to controls without addition (see Fig. S5 in the supplemental material While all other nucleotide sugars were inactive, GDP-Man had 16% of the activity of GDP-D-Rha as a donor substrate. In duplicate assays, less than 5% activity was observed with UDP-Glc. WbpZ therefore has dual activities and is mainly a DRha-transferase but also has Man-transferase activity at lower levels. The apparent K m for GDP-D-Rha was 0.45 mM, with an apparent V max of 14.0 nmol/h/mg (see Fig. S6A in the supplemental material).
Acceptor substrate specificity. The acceptor specificity of DRha-transferase was determined with a number of GalNAc-and GlcNAc derivatives. Compounds that had a diphosphate as the aglycone group were very active as acceptors for D-Rha. However, compounds lacking the diphosphate group or containing a diphosphate mimic were inactive. Thus, GlcNAc␣-Bn and GalNAc␣-Bn were not substrates, and the diphosphate group in the acceptor was critical for activity (Table 1) . This requirement appears to be common to all GTs that catalyze the second step in O-antigen synthesis.
Since both synthetic GlcNAc-PP-PhU (100% activity) and GalNAc-PP-PhU (94% activity) were excellent acceptors for WbpZ, the enzyme does not have specificity for the configuration of the 4-hydroxyl of the sugar moiety. This is in contrast to the case for other bacterial Gal-and Glc-transferases that catalyze the second step in O-antigen synthesis and are specific for either GlcNAc or GalNAc. The apparent K m for GalNAc-PP-PhU was 0.1 mM, with an apparent V max of 12 nmol/h/mg (see Fig. S6B in the supplemental material). These kinetic values are rough approximations, since only homogenates were used in our experiments. The more precise kinetic data have to be confirmed once active and purified WbpZ enzyme has been obtained.
Compounds containing the fluorescent undecyl-anthracenyl group (GlcNAc-PP-AnthrU and GalNAc-PP-AnthrU) were also good acceptors, confirming the relaxed sugar specificity of WbpZ D-Rha-transferase for the acceptor. These compounds can be used in assays based on fluorescence measurements of enzyme products (24) . The fluorescent anthracenyl compounds were applied to C 18 -HPLC (24% acetonitrile-76% H 2 O) to separate the substrate (25-min elution) from the product (35-min elution), which was quantified by fluorescence intensity at 415 nm. For the anthracenyl substrate, the assay buffer at pH 9 yielded the highest activity.
The 
a Neutral compounds were assayed by the AG1x8 method, and sugar-diphosphatelipids were assayed by the C 18 Sep-Pak method (23) . Radioactive product was quantified by scintillation counting. Anthracene-containing compounds were also separated after the incubation by HPLC and then estimated by their fluorescence intensity (24) . b AnthrU, anthracenyl-undecyl.
PP-PhU and Rha-GalNAc-PP-PhU (Fig. 1 (Table 2 ). This establishes the Rha␣1-3GlcNAc-R linkage.
In the spectrum of Rha-GalNAc-PP-PhU, the chemical shift values were similar but not identical to those of GlcNAc-PP-PhU. A strong NOE was seen in the rotating-frame nuclear Overhauser effect spectroscopy (ROESY) spectrum from Rha H-1 to Rha H-2 and to both GalNAc H-3 and H-4 (Fig. 2C) . Since the GalNAc H-4 is in the equatorial position, it is close in space to the Rha H-1 that is linked 1-3 (Fig. 1) . These NOE signals would not be seen if Rha were 1-4 or 1-6 linked. The carbon spectrum showed that GalNAc H-3 exhibited a significant downfield shift for the H-3 signal (by 5.6 ppm) in the D-Rha-transferase product, compared to the signal in the substrate GalNAc-PP-PhU (23). This was greater than the shifts for the other GalNAc protons. The NMR spectra therefore confirmed the D-Rha␣1-3GalNAc linkage. Inhibition of WbpZ. In order to find suitable inhibitors with potential as adjuvant antibiotics, we tested WbpZ activity with N-butyryl-galactosamine␣-benzyl, a weak inhibitor of mammalian core 1 ␤3Gal-transferase, and with N-butyryl-glucosamine ␤benzyl, a potent inhibitor of mammalian ␤4-Gal-transferase (25), which did not inhibit WbpZ. Bis-imidazolium salts with specific lengths of aliphatic chains are selective GT inhibitors (27) . Several of these compounds reduced WbpZ activity (Table 3) . Bis-imidazolium salts having aliphatic spacer groups with 4 or 6 carbons had little effect on WbpZ activity. However, salts having spacer groups of 18 aliphatic carbons inhibited activity by 45%. The most potent inhibitor was the bis-imidazolium salt having a 20-carbon chain spacer length, with a 50% inhibitory concentration (IC 50 ) of 0.3 mM. The mesylate salt with a 22-carbon chain spacer length had an IC 50 of 0.7 mM.
Role of specific amino acids in WbpZ. WbpZ has a single Cys residue (Cys26). Site directed mutation of Cys26 to Ala had little effect on the activity of the enzyme, which indicated that Cys26 is not an essential residue. DTT was not able to stimulate the D-Rhatransferase activity using GlcNAc-PP-PhU as acceptor substrate, confirming that the single Cys residue does not play a major role in the protein structure or activity, or by forming inactivating disulfide bonds. Two DXD motifs, D172-X-D174 and D253-D254-X-D256, are found in the WbpZ sequence. Mutations of these Asp residues to Ala showed that three residues, D172, D254, and D256, were important for D-Rha-transferase activity using the GlcNAc-PP-PhU acceptor, since mutants showed greatly reduced activity. Similar results were obtained using GalNAc-PP-PhU as the acceptor substrate. All mutant enzymes were capable of being expressed, and hence there was not a problem with low protein expression. Mutation of the second Asp (D174) of the N-terminal DXD sequence or mutation of the first Asp (D253) of the DDXD sequence did not decrease the activity, showing that those residues are not as essential. While the D172A and D254A mutants exhibited only residual activity, the D256A mutant retained 15% of the enzymatic activity (Fig. 3) . 
Mutations affect O-antigen synthesis.
To examine whether these site-directed mutations of wbpZ affected the functions of this enzyme in vivo, the P. aeruginosa PAO1 wbpZ::Gm strain, which lacks CPA biosynthesis due to an insertion mutation in the wbpZ gene, was complemented with either the wild-type or the site-directed mutant wbpZ gene and analyzed for the ability to restore the biosynthesis of CPA LPS. It was found that recombinant forms of wbpZ with mutations C26A, D174A, D253A, and D256A were still functional in vivo and capable of rescuing CPA biosynthesis to the wild-type level. Thus, in spite of the much lower D-Rha-transferase activity of the D256A mutant observed in vitro, this mutant construct was obviously still sufficiently active to act in the CPA synthesis pathway. However, the D172A and D254A mutants of wbpZ were not able to rescue the CPA biosynthesis (Fig. 4) . This indicates that the D172A and D254A residues are crucial for the in vivo activity of wbpZ during O-antigen synthesis.
DISCUSSION
The CPA polysaccharide antigen of P. aeruginosa is a unique homopolymer of D-Rha. It requires the synthesis of GDP-D-Rha from GDP-D-Man. Certain E. coli antigens contain L-Rha, which requires dTDP-L-Rha as a donor substrate (6) . An exception is the E. coli O99 antigen (22) , which has a backbone of D-Rha residues in a sequence resembling the D-Man backbone of the E. coli O9a antigen with 4 Man residues in the repeating unit. The D-Man␣1-3GlcNAc-PP-Und adaptor structure of the O9a antigen is synthesized by ␣1,3-Man-transferase WbdC, which is followed by Man- Mutants were expressed in parallel with wild-type WbpZ and assayed in bacterial homogenates as described in Materials and Methods, using GDP-D-Rha as a donor and GlcNAc-PP-PhU as the acceptor substrate. Assays using GalNAc-PP-PhU gave similar results.
FIG 4
Complementation of the wbpZ knockout mutant with site-directed mutants of wbpZ. Top, silver-stained SDS-PAGE gel of extracted LPS; bottom, Western blot using monoclonal antibody (MAb) N1F10, which is specific for CPA LPS. The wbpZ knockout mutant PAO1 wbpZ::Gm lost the ability to synthesize CPA LPS as indicated by the lack of a Western blotting signal. When complemented with wild-type (WT) wbpZ, CPA biosynthesis is restored. The site-directed mutants C26A wbpZ, D174A wbpZ, D253A wbpZ, and D256A wbpZ were also able to restore CPA biosynthesis as indicated by the Western blot. However, the site-directed mutants D172A wbpZ and D254A wbpZ were not able to restore CPA biosynthesis, indicating that these two site-directed mutants were not functional in vivo.
transferase WbdB, which adds two more Man␣1-3 residues to form the basic adaptor structure for the attachment of the Man polymer by WbdA. A similar adaptor structure, D-Rha␣1-3GlcNAc-, appears to be required for CPA synthesis. We have shown in this work that WbpZ, encoded by the CPA antigen gene cluster of PAO1, is the GDP-D-Rha:GlcNAc/GalNAc-diphosphate-lipid ␣1,3-D-Rha transferase that forms this adaptor. WbpZ is highly homologous to WejK in E. coli O99, which may also be an ␣1,3-D-Rha-transferase that synthesizes the O99 adaptor structure D-Rha␣1-3GlcNAc/GalNAc. WbpZ also has significant homology to Man-transferase WbdC from E. coli O8/O9.
It is not surprising that WbpZ, the second enzyme in the repeating-unit pathway, would require the diphosphate in the acceptor substrate (34, 35) . However, the dual acceptor specificity of WbpZ is unusual and suggests that the adaptor could contain a GlcNAc or a GalNAc residue.
Both the D-Rha-transferase and the minor Man-transferase activities of WbpZ exhibited a relaxed acceptor specificity and required the diphosphate in the acceptor substrate, suggesting that these two activities are inherent in the same catalytic site, which remains to be proven by structural analysis of WbpZ.
Based on the similarities of the other GTs in the gene cluster, the biosynthesis of CPA is expected to continue with WbpY, which adds two D-Rha␣1-3 residues in succession to Rha␣1-3GlcNAc-, having an acceptor specificity for D-Rha. WbpX would then cooperate with WbpY and add D-Rha in ␣1-2 linkage to Rha to complete the synthesis of the repeating unit of CPA. This sequence of events would assemble the continuous repeating structures that form the final CPA polymer. After transfer of the polymer to the periplasm by the ABC transporter Wzt/Wzm, it is expected that the D-rhamnan is transferred to L-Rha in the outer core structure without the GlcNAc or GalNAc adaptor sugar by ligase WaaL (2, 4) . After the transfer, GlcNAc/GalNAc-PP-Und may be flipped across the inner membrane to the cytoplasmic compartment to form another polysaccharide molecule. Alternatively, GlcNAc/ GalNAc-phosphate may be cleaved by reversible GlcNAc/ FucNAc-phosphotransferase WbpL, which is also involved in OSA biosynthesis. However, studies in Klebsiella showed that the GlcNAc residue is transferred together with the O antigen, thus leaving PP-Und behind for recycling (36) .
We showed here by biochemical characterization that WbpZ is a retaining nonprocessive GDP-D-Rha:GalNAc/GlcNAc-diphosphate-lipid ␣1,3-D-Rha-transferase that catalyzes the second step in CPA O-antigen assembly in PAO1. Since mutations D172A and D254A, which drastically reduced WbpZ activity, resulted in the inability to complement in vivo O-antigen synthesis, these residues are critically involved in the enzyme activity and probably form essential bases from two different DXD motifs involved in nucleophilic attacks. This work also shows that there was a critical level of activity that could be measured in vitro and had to be maintained in vivo for biological activity.
Divalent metal ions were not required for WbpZ activity; thus, positively charged residues may be involved in binding the negatively charged donor and acceptor substrates, and the potential role of conserved Lys and Arg residues needs to be examined (see Fig. S1 in the supplemental material). In addition, the potential roles of the Glu residues (19, 20) of the three or four conserved EX 7 E motifs in WbpZ also need to be explored.
We have developed several chemical and enzymatic syntheses to effectively produce large amounts of the donor substrate for WbpZ, GDP-D-Rha, which is not yet commercially available. Thus, it is now feasible to characterize other D-Rha-transferases. According to the dual donor specificity of WbpZ and resemblance to other Man-transferases, WbpZ may also add a D-Man residue to GlcNAc/GalNAc-PP-Und. WbpY and WbpX also bear resemblance to Man-transferases, and it is therefore possible that a Man polymer could be assembled in PAO1. Accordingly, small amounts of Man have previously been detected in CPA preparations (2) . Biochemical analyses of WbpY and -X would confirm this possibility. A cautionary note is that knowledge gained from structural and biochemical studies of GTs is necessary to determine the functions of uncharacterized GTs, which cannot be determined from sequence comparisons alone since a change of only a few amino acids can alter enzyme specificities and catalytic properties (37) . It is hoped that future studies on the D-Rha-transferases will unravel the mechanisms of O-antigen biosynthesis by an important pathogen.
This study confirmed that the second step in the biosynthetic pathway of the O-antigen repeating unit is critical to form the O-antigen polymer (38) . This second step is highly specific for the bacterial strain or serotype and a target for the prevention of Oantigen formation. We presented evidence that the second step catalyzed by WbpZ can be inhibited by a number of bis-imidazolium salts having aliphatic spacer chains of between 18 and 22 carbons. The inhibition is not as strong as that of other GTs (27, 35) , which may be due to the fact that homogenates containing WbpZ were used. Inhibition of this critical step for LPS synthesis in P. aeruginosa could be a basis for drug development to prevent or treat P. aeruginosa infections.
